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Abstract 
Recent publications have suggested that large-scale CO2 injection could trigger earthquakes and that even small- to moderate-
sized earthquakes may threaten the seal integrity of the injection zone, and potentially damage buildings and other surface 
structures. In this study, we compared seal thickness to estimated fault displacement due to a single hypothetical seismic event in 
a selected area of the Texas Gulf Coast comprising an offshore strip of state waters along two Texas counties. To evaluate the 
slip generated by a single seismic event, we compiled well log information on shale/sand sequences and seismic information on 
fault geometric characteristics of a section of Lower Miocene age. The section is thousands of feet thick and is overlain and 
underlain by marine shales (Amph. B and Anahuac, respectively) that are relatively easy to correlate between wells. The Amph. 
B. shale is the secondary and ultimate seal for all injection intervals in the Lower Miocene. Given its thickness, no realistic 
seismic event or small series of seismic events will offset it significantly. However, this may not be true of smaller local primary 
seals. An analysis of geophysical logs of a total of 71 wells yielded a total of 2,871 sand / shale binary intervals. An analysis of 
the dedicated 3D seismic survey counted 723 fault traces at five roughly horizontal horizons within the Lower Miocene Fault 
displacement estimated using the product of the fault length times an uncertain multiplier coefficient assumed to follow a 
triangular distribution with a 10-3 to 10-5 range and a mode of 8 × 10-5. We then compared estimated single-event fault 
displacements to seal thicknesses by means of a Monte-Carlo analysis. Only 1.8% of thickness/displacement pairs display a 
displacement greater than 20% of the seal thickness. Only 0.26% of the pairs result in a displacement of half the seal thickness 
and only 0.05% of thickness/displacement pairs result in a clear seal rupture. The next step was to compare the magnitude of the 
event generated by such a displacement to documented magnitudes of “large” earthquakes generated by waterflooding and fluid 
disposal. Based on this analysis, we conclude that seismicity that may arise from CO2 injection appears not to be a serious 
complication for CO2 storage integrity, at least in the Gulf Coast area. 
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1. Introduction 
Recent seismicity events likely related to disposal of waste fluid from hydraulic fracturing [1] have revived the 
concern that large-scale CO2 injection will trigger earthquakes and that even small- to moderate-sized earthquakes 
may threaten the seal integrity of the injection zone (e.g., [2-4]). [3] stated that “Because of the critically stressed 
nature of the crust, fluid injection in deep wells can trigger earthquakes when the injection increases pore pressure 
in the vicinity of preexisting potentially active faults.” In this study, we do not discuss the validity of this concern for 
Gulf Coast sediments, which are somewhat unconsolidated and where regional tectonic stresses are currently low 
and extensional. Rather, we simply assume that earthquakes can occur, and that they occur on existing faults (that is, 
injection pressure is low enough not to fracture the rock and create new fractures). From this starting assumption, we 
assess the potential for impact of induced earthquakes on seals and seal integrity.  
The state of Texas has a long history of injecting fluid into the subsurface either for disposal or to aid oil 
production (waterfloods). Among the currently active 35,000 injection / disposal wells across the state many receive 
relatively low volumes of water but a significant number of mostly commercial disposal wells (there is a total of 
7,500 disposal wells) also receive large amounts of water (e.g., [5], for the Barnett Shale area in North-Central 
Texas). In 2012, the total volume of water injected was ~1180 million m3 (~7400 MMbbl) about twice the volume of 
CO2 emissions in Texas (a total of 677 million tons in 2012, of which ~35% is from industrial activities and ~33% 
from power generation). Then the 460 million tons of CO2 susceptible to be captured and injected represent a 
volume of 655 million m3 of water when computed as a supercritical fluid at typical reservoir conditions with a 
density of 0.7 ton/m3. It is important to note that a significant fraction of the storage capacity in the United States is 
concentrated in such geologic settings along the Gulf of Mexico [6].  
2. Regional Geology 
The lower Gulf Coast plains and connected offshore areas represent a thick multi-km sedimentary package active 
since the beginning of the Cenozoic era and constructed by rivers carrying an abundant sediment load, mostly from 
the Rocky Mountains, in the fashion of today’s Mississippi River. Sediments consist mostly of sand, sandstones, and 
mudstones in various stages of consolidation. They overlie a thick salt layer and local platform carbonate deposits 
Three main types of faults are represented in the Gulf Coast area: syndepositional growth faults (listric normal faults 
and their possibly associated antithetic members), radial faults associated with shale or salt piercement structures, 
and, less commonly, regional post-depositional faults. Growth faults are generally thought to originate from 
sediment loading due to extensive and prolonged sedimentary input. However, active periods do not necessarily 
correspond to maximum loading (e.g., [7]). In the Gulf Coast, growth faults are organized in systems with major 
faults that extend along strike 20 to 50 km (Figure 1). Growth faults are commonly arcuate in plan view, denoting 
their origin as mass-wasting accommodation. There is a great deal of information about faults and fault seals in the 
petroleum literature, faults being one of the main hydrocarbon trapping features. Faults are generally envisioned 
mostly as features that usually act as seals but that would let fluids through in pulses [8]. Radial faults associated 
with shale or salt piercement structures also exist; their throw can be important but is quickly attenuated away from 
the dome. It is currently thought that there is little salt diapiric activity in the Gulf Coast. 
In this scoping analysis we focused on a relatively small offshore area of the Texas Gulf Coast for which raw data 
for both fault distribution and seal thickness are available. The Gulf Coast has been described as having a large 
potential CO2-storage capacity because of the thick sedimentary package. We used a data set recently collected in 
the Texas offshore state waters, a 10-mile-wide track of submerged lands paralleling the Texas coastline. The area is 
considered for permanent CO2 storage and is being studied by the BEG with State and Federal funding. State 
ownership of the offshore strip limits many of the onshore CO2 injection issues, but, from a research standpoint, 
geologically the subsurface of the shallow offshore area is very similar to nearby onshore formations (only a few 
miles offshore with a water depth of a few tens of feet). The availability of both seismic information (for fault 
location and characterization, for example, [9]) and well logs (for detailed stratigraphic analysis, for example, [10]) 
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along the coast between Houston and Victoria/Port Lavaca, Texas, was the deciding factor for choosing the current 
study area over other potential study areas that did not have overlap for both data types. 
 
Figure 1. Example of distribution of growth fault throws (Calhoun, Jackson, and Matagorda counties within a ~100 × 60 km rectangle (just South 
of the area of study, offshore of Brazoria County). Surface mapped is the top of the Frio Formation. Source: [9] 
3. Objectives and Data Sources 
The objective of the study was to contrast fault-size distribution and seal thickness distribution and use this 
information to assess the risk of CO2 and/or deep fluid leakage through cap-rock seals due to earthquakes induced by 
CO2 injection. Seal-thickness distribution was obtained from compilation of individual well logs, whereas fault-size 
distribution was acquired through analysis of seismic information. We relied on two types of data regarding the same 
rock volume: well logs and 3D seismic. The well logs are from historical wells drilled in the area with resistivity and 
spontaneous potential (SP) tracks from which we extracted shale thickness information. The seismic package covers 
the same area, but its resolution is generally too low to allow for shale layer correlation, except for the largest such 
as Anahuac and Amph. B shale units (see below). 
The basic precept was to assume that the fault displacement due to a single induced seismic event is related to the 
fault size and to compare potential future displacements with the thickness of the seal. Many peer-reviewed journal 
papers and reports have documented that fault instantaneous, as well as cumulative, displacement is related to fault 
size (for example, [11] and references therein). [11] p.438), citing [12], suggested an average displacement over 
trace length ratio of 10-4 for single events. [12] (p.118), citing [13], stated that a single-event ratio would range from 
10-3 to 10-5. Induced seismic events in Texas have been described in several recent publications [14-16]. Many of the 
seismic events recorded in Texas can be found at http://www.iris.edu/hq/ or at http://anf.ucsd.edu/ (EarthScope program).  
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4. Description of the Area of Study 
We focused on an offshore area that has very recent seismic data located a few miles east of Matagorda and 
Brazoria counties (Figure 2a). The vertical section analyzed is of Miocene age above the regional Anahuac seal at 
the bottom and mostly below the Amphistegina B (Amph. B) seal at the top, although some well logs included in the 
analysis contain a few shale layers above the Amph. B layer (Figure 2b). The rock volume contains two major 
intervals delimited by two regressive horizons, LM1 and LM2 (Lower Miocene 1 and 2) ([17], p.4). LM2 is marked 
by the top of Amph. B, whereas the top of Marginulina A (Marg. A) denotes the top of LM1. Its base is the top of 
the Anahuac. The Marg. A shale is present between the Anahuac Formation and the Amph. B shale. The section 
thickens seaward and is interrupted by growth faults that greatly complicate correlation between wells. Potential 
storage horizons include rollover anticlines next to growth faults, grabens, and salt-dome-related structures ([17], 
p.4). The two thick regional shale layers (Amph. B and Anahuac) are relatively easy to correlate between wells. 
However, many smaller seals that may provide primary seals to CO2 storage sites are not easily correlated across 
wells because of (1) the commonly large change in thickness of the formation across the fault line and (2) the deltaic 
depositional system favoring shaly intervals limited in horizontal extent and possibly of dimensions smaller than the 
interwell distance. The Anahuac Formation, at the base of the section analyzed here, is the secondary and ultimate 
seal for injection in the very thick Frio Formation (not studied here but favorable for CO2 storage, see [18]). 
Similarly, the Amph. B. shale is the secondary and ultimate seal for all injection intervals in the Lower Miocene. 
Given the thickness of both the Anahuac and the Amph. B shale, no realistic seismic event or small series of seismic 
events will offset them significantly. However, this may not be true of smaller local primary seals. 
5. Methodology 
Overall, the methodology we used to assess the induced seismicity risk to seal integrity is (1) to extract 
information about seal thickness and compile statistics; (2) to extract information about fault length and compile 
statistics; (3) to derive single-event displacement from fault length; and (4) to compare seal thickness and single-
event displacement. We assume that all displacements are vertical. To extract geophysical information, we used the 
Landmark/Halliburton software DecisionSpace (https://www.landmarksoftware.com/Pages/DecisionSpaceGeophysics.aspx) and 
the IHS software Petra (http://www.ihs.com/products/oil-gas-information/analysis-software/petra.aspx) to interpret well logs. Some 
data sets were processed in ArcGIS and Excel, and the statistical analysis was performed with the Oracle software 
Crystal Ball.  
6. Results 
The slip generated by a single seismic event may have two major impacts on a CO2 repository: (1) depending on 
the seal thickness and the fault size, it may produce CO2 leakage through a newly created sand-on-sand pathway 
across the fault plane (assuming a sufficient fault transverse permeability); and (2) depending on the relative 
thickness of “sand” and “shale” intervals, it may create a vertical buoyant pathway along the fault plane (that is, 
increase in along-plane, especially vertical, permeability). In this study we focus mostly on the first scenario. 
6.1. Well Log Analysis Results 
We analyzed a total of 71 wells. The net shale values of the Amph. B sequence interval range from ~1,000 ft at 
the current shoreline to >2,500 ft ~10 miles offshore. The net sand thickness between top of Anahuac and bottom of 
Amph. B increases from ~700 ft at the shoreline to >2500 ft offshore. Overall, from well logs, shale abundance is 
~68%, in agreement with similar observations elsewhere in the Gulf Coast area and the typical increase in thickness 
and shale abundance seaward. Figure 4 displays a typical alternating sand-shale succession (hung on the Amph. B 
maximum flooding surface –MFS). Only shale intervals having a thickness >10 ft were retained as viable seals. A 
detailed analysis of shale and sand thickness (Figure 3) shows that many sand (not much capacity) or shale (not 
much of a seal) intervals are thin and that their distribution can be fit to a lognormal distribution (2,871 of each sand 
and shale intervals). Suitable injection intervals would consist of thick sands (say, >50 ft, about 6% of all sand 
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intervals) overlain by a good seal (say, >20 ft, about 40% of all shale intervals). No attempt was made to count these 
suitable combinations (see [19], for a first effort at determining CO2 capacity of the study area). 
 
  
Figure 2. (a) NW-SE cross section in the vicinity of the study area showing relationship between potential injection intervals, seals, and growth 
faults. Source[17] (Fig.2) – (b) Type log of offshore Miocene interval showing major formation tops used for regional interpretations, along with 
corresponding formation names. Source: modified from [19] (Fig.2.2.3).  
 
Figure 3. Cross-section details showing typical sequences of alternating shales (brown) and sands (white). The cross section is hung on the Amph. 
B maximum flooding surface (blue line). 
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Figure 4. Histograms of shale and sand thickness distributions (ft) 
6.2. Seismic Analysis Results 
We collected data from the seismic survey at three horizons (Figure 5a): base of Lower Miocene, marker within 
Lower Miocene, and Amph. B MFS. We also used two horizons above the Amph. B interval to supplement the 
distribution (they represent only ~15% of the fault segments). We represented the 2D fault traces by their midpoint 
(five horizons. The analysis was done in the time domain (not converted to depth), but this small imprecision should 
not have a large impact on approximately horizontal trace measurements. Length statistics are given in Table 1. 
Length distribution of fault segments (723 segments measured) is lognormal with a long tail with many segments 
measured at <2,000 ft, some representing major growth faults longer than 50,000 ft (Figure 5b). 
Table 1. Fault length statistics (km) 
(km) Top Miocene Intra-Miocene Amph. B Lower Miocene Base Lower Miocene 
0–1.5 8 20 45 121 74 
1.5–4 4 16 41 79 42 
4.0–7.0 8 24 32 52 19 
7.0–13.0 9 15 24 20 19 
13.0–31.4 5 11 13 11 4 
Total 34 86 155 283 158 
 (a)  (b) 
Figure 5. (a) Fault traces at the five different horizons; (b) Histogram of fault trace lengths in tens of thousands of feet 
6.3. Fault Displacement vs. Seal Thickness 
We then performed a simple Monte-Carlo analysis comparing shale thickness to fault displacement. Fault 
displacement was estimated as the product of the fault length times an uncertain multiplier coefficient. The 
multiplier coefficient is assumed to follow a triangular distribution with a 10-3 to 10-5 range and a mode of 8×10-5, 
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[12]. Fault length and seal thickness were not fit to a specific distribution; rather, the data from the study area were 
used. Fitting an unbounded distribution such as a lognormal distribution introduces rather thick shale intervals or 
rather long faults that were not observed and could not have been missed. We achieved stable results after ~200,000 
trials. In the vast majority of cases, displacement is much smaller than seal/shale thickness (Figure 6). Only 1.8% of 
thickness/displacement pairs display a displacement greater than 20% of the seal thickness. Only 0.05% of 
thickness/displacement pairs result in a clear seal rupture, and only 0.26% of the pairs result in a displacement of 
half the seal thickness (Figure 7).  
 
Figure 6. Histogram of single-event maximum displacement as a function of shale thickness (%). 
(a) (b) 
Figure 7. Cross plots showing cases when (a) displacement > shale thickness (477 data points out of 1,000,000 trials); and (b) displacement > half 
of shale thickness (2,630 data points out of 1,000,000 trials). 
7. Discussion 
Our results would tend to suggest that induced seismicity is not an issue in terms of storage integrity in the Gulf 
Coast area. A more accurate calculation would include the fact that seals may have already been offset by several 
previous events. Maximum fault trace versus maximum fault displacement data for 297 faults from the LM2 horizon 
shows good agreement with the fault-growth models (F’ = 3 GPa shear modulus) of [20]. Clearly if it has already 
been fully offset, the shale interval may not act as a seal any longer. A quick analysis reveals that in ~75% of cases 
the fault throw (historical cumulative impact of individual single seismic events) is larger than the shale interval 
thickness. This, however, does not change the statistics previously presented. Rather, it could limit the capacity of 
the entire Lower Miocene section, that is, keeping the statistics valid but for a smaller number of sites. An important 
class of data missing owing to limits in seismic resolution comprises faults having traces less than 100 to 200 m 
(small fault throws). Even small, seismically unresolvable faults represent potential leakage pathways, but most 
likely these small damage zones will act only as interformational leakage pathways at most.  
Whether the fault displaces a large fraction of the cap rock or not, the transmissivity of faults and faults as 
leakage pathways are other important aspects to consider. Many of the faults are probably not transmissive in the 
transverse direction, as evidenced by the calculation of the shale gouge ratio (SGR) as presented in [21] and more 
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particularly by the fact that faults trap many hydrocarbon reservoirs. A structure map of the top of the LM2 interval 
indicates that fault surfaces mapped in seismic data bound even the largest potential storage sites and often cut 
through structural highs. Existing natural gas fields from the LM2 and the upper portion of the LM1 conform to 
structure rather than stratigraphy. In this document, we did not perform an SGR analysis, but the observed average 
shale content (~67%) strongly suggests that SGRs are generally larger than the value of 20 to 40% generally 
accepted as a threshold above which the fault plane is deemed not transmissive in the transverse direction [22]. The 
larger the slip is, the more likely a higher SGR value will result (calculation not done). Fault-valve mechanisms in 
which the permeability is transitorily increased to allow upward fluid flow have been described, but they generally 
concern regional faults rooted in overpressured sections of the crust [8]. In addition, some of the overpressure due to 
injection may be accommodated by creeping along the fault plane [23], as observed in the Houston area for shallow 
faults (for example, [24-25]). 
The seismic event magnitude M is defined by ܯ ൌ ʹȀ͵ሾሺܯ଴ሻ െ ͻǤͳሿ with ܯ଴ ൌ ܨԢܦௌܣ, where F’ is the shear 
modulus (F’ = 3 GPa), Ds is the single-event displacement, and A is the area of rupture (as quoted in [11]). The only 
unknown and uncharacterized parameter in this equation is the area A. For smaller faults, A is generally understood 
as a disk with the trace length defining the diameter. However, such an approach is unrealistic for faults having 
larger trace lengths. In this case, we defined the height of area A, assumed to be 1,000 ft, as a conservative estimate 
of the vertical section of the fault exposed to some degree of overpressure following CO2 injection. The resulting 
magnitude for the 476 cases with full seal offset ranges from 4.7 to 5.8 with an average of 5.2. Reasoning a 
contrario, such high magnitudes are not typical of injection-related seismic events, suggesting that the area A is 
probably overestimated. Decreasing vertical length to 500 ft yields a range of 4.5 to 5.6 with an average of 5.1. [26] 
(Table S.1) reported that the maximum magnitude of felt events was 4.9 for waterfloods and 4.8 for disposal wells, 
somewhat in agreement with the results of this research.  
8. Conclusion 
Induced seismicity of small magnitude could cause slip on faults, but displacement is too small to provide leakage 
pathways across cap rocks, particularly in the Gulf Coast, used as an example in this study, where shales are 
abundant and the consequent high SGR ratio would limit leakage. 
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